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PHOTOSYNTHESIS
Quieting a noisy antenna reproduces photosynthetic
light-harvesting spectra
Trevor B. Arp1,2*, Jed Kistner-Morris1,2*, Vivek Aji2, Richard J. Cogdell3,4†,
Rienk van Grondelle4,5†, Nathaniel M. Gabor1,2,4†
Photosynthesis achieves near unity light-harvesting quantum efficiency yet it remains unknown whether
there exists a fundamental organizing principle giving rise to robust light harvesting in the presence of
dynamic light conditions and noisy physiological environments. Here, we present a noise-canceling
network model that relates noisy physiological conditions, power conversion efficiency, and the resulting
absorption spectra of photosynthetic organisms. Using light conditions in full solar exposure, light
filtered by oxygenic phototrophs, and light filtered under seawater, we derived optimal absorption
characteristics for efficient solar power conversion. We show how light-harvesting antennae can
be tuned to maximize power conversion efficiency by minimizing excitation noise, thus providing a
unified theoretical basis for the observed wavelength dependence of absorption in green plants,
purple bacteria, and green sulfur bacteria.
I
n photosynthesis, light energy harvesting
begins with the absorption of sunlight.
Photoexcitation energy is rapidly trans-
ferred through an antenna network before
reaching the reaction center, where charge
transfer converts excitation energy into an
electrochemical potential gradient across the
photosynthetic membrane (1). Even in the
presence of dynamic light conditions, rapidly
fluctuatingmolecular structure, and highly in-
tricate energy transfer pathways (1–5), the
light-to-electron conversion process exhibits
near unity quantum efficiency. The delicate
interplay of quantum effects with molecular
mechanisms of energymanagement, e.g., non-
photochemical quenching (6–8), has been ex-
plored across diverse phototrophs (9–12) but
the elementary connection between highly ro-
bust light energy harvesting and energetic
fluctuations has not been established.
Transforming noisy inputs into quiet out-
puts represents a general design challenge in
network architectures including multinational
energy grids (13–17), auditory and visual neural
networks (18–21), and nanoscale photocells
for next-generation optoelectronics (22). Al-
though network inputs exhibit statistical fluc-
tuations (e.g., rapid changes of sunlight absorbed
by a leaf or solar panel), network outputs may
demand a steady rate of information or energy
for optimal performance (e.g., constant power
from the grid to maintain indoor lighting).
Statistical fluctuations—arising from environ-
mental variations and internal processes—
fundamentally limit the throughput efficiency
of any network. If the flow of energy (power)
into a network is substantially larger or smaller
than the flow out of the network required to
optimally match the output demand, then
the network must adapt or be structured in
such a way as to reduce the sudden overflow
or underflow of energy. When the network
fails to manage fluctuations, the results may
be extraordinary (e.g., photo-oxidative stress
in photosynthetic light harvesting or explosive
damage to transformers caused by fluctua-
tions in the grid).
We constructed a model that uses general-
izations of networks to extract essential aspects
of photosynthetic light harvesting (Fig. 1). A
simple network of nodes (points at which lines
intercept) connected by links (connecting lines)
represent physical objects: excitation energy
levels and intermolecular transfer events within
the antenna system, respectively. In photosyn-
thesis, light enters the antenna through a large
number of pigment molecules, each of which
is amember of a small set of distinctmolecular
species (e.g., chlorophyll a and b). Our model
considers the advantage in having light en-
tering the network through two classes of ab-
sorbing excitation energy levels, nodes A and
B, which can absorb powers ƤA and ƤB.
After an absorption event, excitation energy
moves between internal nodes of the antenna
network, representing the excitation of inter-
mediate states within the biological antenna
complex (2, 11, 23). As an example, excitation
energy absorbed by a chlorophyll b molecule
in the light-harvesting complex LHC2 is trans-
ferred to chlorophyll a, and from there to an-
other chlorophyll a in the same or in another
complex. There aremany suchpathways through
the antenna network that may share interme-
diate links, but each specific pathway (Fig. 1A,
colored lines) eventually terminates on the
output, O, which on average delivers powerW.
Rather thanmodel each pathway, wemodeled
the average behavior from all inputs A and B
through all pathways in the network. Thus,
we define probabilities pA and pB, which are
the total probabilities that any input A and
B will absorb. Mathematically, the example
pathway given above, along with all other
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Fig. 1. Light-harvesting
noisy antenna. (A), Sche-
matic of a photosynthetic
antenna reduced into a
network with two input
nodes A and B with input
rates ƤA and ƤB and output
O with rate W. Energy is
absorbed by molecules a
and b (at rates ƤA and ƤB)
and is transferred to the
output as usable energy.
(B) Schematic two-channel
antenna absorption spectra
(yellow and red) and incident
blackbody light source (gray).
The quantities l0, Dl, and w
are, respectively, the center
wavelength, distance between
peaks, and width of the
absorption peaks. (C) (Left)
Simulated average excitation energy as a function of time within a noisy antenna composed of 10 sets of a and
b molecules. (Right) Time-averaged histogram of the internal energy (detailed in the supplementary materials,
section S1.4). The antenna is subject to internal (fast) and external (slow) fluctuations. Over long time scales,










pathways that originate on a node B, is con-
tained in pB. The average power (or rate of
energy) coming from the B absorbers is there-
fore pBƤB. This is the average value; the actual
flow of excitation energy at any given time is
stochastic.
By analyzing the stochastic flow of excitation
energy, we can characterize the antenna net-
work by statistical averages (power throughput)
and fluctuations in the rate of energy flow,
which we will call noise (see the supplemen-
tarymaterials, section S1). The power through-
put of the antenna system is determined by
the external light conditions, the absorption
characteristics of the absorbing pigment mol-
ecules (Fig. 1B) or input nodes, and the molec-
ular dynamics of the network. The antenna
inputs are described in the usual way: Light
absorption by the pigment molecules is char-
acterized by peak width w, separation Dl =
|lB – lA|, and the center wavelength (or aver-
age distance) between the peaks l0. The solar
spectral irradiance (Fig. 1B, gray line), which
varies as light propagates through air, the can-
opy, or seawater, gives the average power
available within a given range of wavelengths.
Choosing thewavelength of an absorption peak
simultaneously specifies both the excitation
energy and power entering the noisy antenna.
Although the excitation energy is inversely
proportional towavelength, the absorbed power
ƤA or ƤB is the integrated product of the spec-
tral irradiance and the absorption character-
istics of the light-harvesting antenna.
Because the absorbed solar power rarely
matches exactly the rate of optimal output, a
finely tuned network is one that most effec-
tively balances minimizing the internal noise
with robustness against external noise. Noise
in the antenna arises from two main sources:
inherent mismatch between inputs and out-
put, which may arise because of fast dynam-
ics in the protein structure and corresponding
electronic properties, and dynamic external
light conditions. In photosynthesis, an over-
powered antenna will produce excess en-
ergy that can drive deleterious back reactions
(24, 25). Conversely, a light-harvesting network
in an underpowered state produces nonoptimal
output, because the rate of energy transfer
out of the network is fixed by electrochem-
ical processes (26). Over long periods of time,
the degree to which the light-harvesting net-
work is overpowered or underpowered ismea-
sured by the mean-squared deviation (i.e.,
noise) of the total input power (through ƤA
and ƤB) from the optimal output power atW,
(Fig. 1C) (see the supplementary materials,
section S1).
Tuning only the absorption characteristics,
our goal was to find a network that spends the
least amount of time in a state for which the
input power is too large or too small compared
with the output of the network, thus maximiz-
ing power conversion efficiency (Fig. 1C).Within
our model, probabilities pA and pB couple the
inputs of the network ƤA and ƤB to the output
W: pAƤA + pBƤB = W. From this expression, we
first evaluate the variance of the average dis-
tribution pAƤA + pBƤB. Minimizing this vari-
ance yields the optimal values of ƤA and ƤB to
quiet the antenna. We then input the local
spectral irradiance to a model optimization
function, the maxima of which determine the
optimal absorption characteristics for noise
cancellation (see the supplementarymaterials,
sections S1.1 to S1.3).
Using this framework, we can predict the
behavior of three noise regimes within the
antenna network: overtuned, finely tuned,
and poorly tuned (Fig. 2). For simplicity, these
examples are where W = (ƤA + ƤB)/2, whereas
a broader parameter range is explored in de-
tail in the supplementary materials, section
S1.2. Although the light conditions are iden-
tical for all three cases (Fig. 2A, gray lines),
we can examine how the noise changes with
different absorption characteristics (details
of this calculation can be found in the supple-
mentary materials, section S1.4). When the ab-
sorbing peaks are spaced too closely (Fig. 2A,
top), the inherent antenna noise can be strongly
reduced, and in the limit thatƤA=W =ƤB, there
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Fig. 2. Quieting a noisy antenna by tuning the absorption characteristics.
(A) Absorption peaks for two absorbers a and b overlaid on an ideal blackbody
solar spectrum (T = 5500 K, gray line) for three cases: two closely spaced
absorbers (top), two absorbers separated to optimize the noisy antenna
(middle), and two widely separated absorbers (bottom). (B) Simulated
excitation energy versus time for a two-channel antenna with three different
values of D, comparable to the cases shown in (A). The left side shows
the excitation energy time traces without external fluctuations. The right side
includes random external fluctuations. (C) Histograms of time spent in
overpowered (red) and underpowered (blue) states for the three series in (B).
In the top panel, the distribution is flat and favors no value. In the middle
panel, the distribution is a sharply peaked normal distribution that favors












are negligible fluctuations in the rate of en-
ergy flow (Fig. 2B, top left). This lower bound
to the internal noise cannot be reached in nat-
ural photosynthetic antennae, where protein
dynamics will always drive fluctuations of in-
termediate excitation energy transfer events.
Rather, the overtuned antenna noise is di-
rectly proportional to, and thus dominated by,
changes in the varying light spectrum (Fig.
2B, top right). In the presence of random ex-
ternal fluctuations, the distribution of time
spent in an overpowered or underpowered
state is flat (Fig. 2C, top). In the overtuned
antenna, the average input rarely matches the
optimal output.
A poorly tuned antenna (Fig. 2A, bottom) is
similarly deficient. If the absorbing peaks are
well separated, then the antenna spends most
of the time overpowered or underpowered.
When the power sources ƤA or ƤB are significantly
greater or less than the power sink (ƤA >>W >>
ƤB), the noise (as evidenced by a histogram of
the excitation energy) in the poorly tuned
antenna becomes broader as the absorbing
peaks becomemore separated (Fig. 2C, bottom).
When viewed over long times, the poorly tuned
antenna spends too little time outputting the
optimal power W.
The finely tuned antenna absorbs at specific
positions on the spectrum that give rise to
robust light harvesting even in the presence
of both varying light conditions and substan-
tial internal noise. Compared with the over-
tuned and undertuned cases, the finely tuned
antenna allows for intermediate internal noise
levels (Fig. 2B, middle) yet delivers a narrow
distribution of power centered at the optimal
outputW (Fig. 2C, middle). Robustness in light
harvesting is thus the ability to output, on aver-
age, the optimal rateW yet simultaneously allow
for internal noise.
To determine the optimal absorption spec-
trum for robust light harvesting, we computed
the spectral positions for which the peaks
are as close as possible on the light spectrum
(favoring reduced internal noise) yet the dif-
ference in the absorbed power D = ƤA – ƤB is
maximized (supporting robustness against
external variations). This condition is equiv-
alent to maximizing the derivative of the light
spectrum with respect to wavelength, thus
resulting in absorption peaks in regions of
steepest slope (see the supplementary ma-
terials, section S1.3). The absorption spectra,
and thus the excitation transitions, are tuned
so that the time-averaged sum of input excita-
tion energy is sharply peaked at the output rate
(Fig. 2C, middle).
For three prototypical photosynthetic an-
tennae, the light-harvesting complex of green
plants (LHC2), the light-harvesting complex
of purple bacteria (LH2), and the bacterio-
chlorophyll c and e pigments of green sulfur
bacteria (BChl c and e), the natural absorp-
tion spectrum (Fig. 3, A to C) (27–30) can be
compared with that predicted by our model
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Fig. 3. Comparison of the noisy antenna model with photosynthetic
absorption spectra in three distinct niches. (A) Absorption spectrum of
LHC2 (blue) (27) overlaid on the terrestrial solar spectrum (light gray) (31).
(B) Absorption spectrum of the LH2 complex (28) overlaid on the solar
spectrum measured below a canopy of leaves (light gray) (see the
supplementary materials, section S3, for details). (C) Absorption spectra of
bacteriochlorophyll c (blue) and e (green) (29, 30) compared with the
calculated solar spectrum at a 2-m depth of water (light gray) (32, 33).
(D to F) Predicted ideal absorption peaks from optimizing D = ƤA – ƤB for
the full solar spectrum, the solar spectrum attenuated through canopy,
and the solar spectrum attenuated through seawater, respectively (see the
supplementary materials, sections S2 and S3, for optimization and spectra












(Fig. 3, D to F) (see the supplementary ma-
terials, section S2, for full details), which takes
as input the local irradiance spectrum, shown
as solid gray lines in Fig. 3, A to F. The ab-
sorption peak positions and spectral sepa-
ration predicted under light conditions in air
(31), under canopy, or under seawater (32, 33)
(colored lines in Fig. 3, D, E, and F, respectively)
show strong agreement with the absorption
spectra of these three phototrophs. Using only
the external light spectrum and the linewidth
w, the predicted peak center position l0 and
separation Dl reproduced the measured ab-
sorption peaks with an average error of 2.1%
(Table 1).
The noisy antenna model also reproduced a
general feature of photosynthetic light harvest-
ing that was observed across all three proto-
typical phototrophs. Photosynthetic pigments
do not absorb at the maximum solar power. In-
stead, all three phototrophs considered exhibit
pairs of closely spaced peaks in regions where
the spectrum shows a steep rate of changewith
respect to wavelength. Photosynthetic plants
look green because their antenna complexes
absorb light across the visible spectrum, in-
cluding the blue and red portions, yet reflect
greenwavelengths (Fig. 3D). Purple bacteria are
aquatic phototrophs (34). They have adapted to
sunlight that is filtered through the canopy of
trees and floating aerobic phototrophs (Fig. 3E,
gray line, and see the supplementary mate-
rials, section S3) and use a light-harvesting
complex in which bacteriochlorophyll dom-
inates light absorption away from the visible,
including green (Fig. 3E). Green sulfur bacteria
are a geographically diverse group of bacte-
ria thatare adapted to solar light shining through
seawater to depths where it is anaerobic (35).
They do not absorb the peak intensity of this
attenuated light spectrum and instead ab-
sorb in the region of steepest spectral rate of
change.
Underwater phototrophs provide an excel-
lent natural experiment with which to test
the predictive strength of our model because
the solar spectrum is highly variable as a func-
tion of depth (36). When considering the pen-
etrating spectrum below the seawater surface,
light intensity is attenuated as depth increases,
particularly in the red and infrared zones, be-
cause of absorption and scattering in sea-
water (Fig. 4A). By comparing the absorption
spectra of subsurface marine phototrophs,
such as green sulfur bacteria, with those pre-
dicted by quieting a noisy antenna, we can
explore whether the natural photosynthetic
absorption spectrum matches our model pre-
dictions for the relevant phototroph’s pre-
ferred depth.
From these attenuated solar spectra, we cal-
culated an optimization parameter Dop as a
function of Dl and l0. D
op is a function mod-
ified from the calculation of D = ƤA – ƤB such
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Chlorophyll a 1 428 (2.90) 429 (2.89) 0.23 (0.34) (27)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Chlorophyll b 1 440 (2.82) 459 (2.70) 4.32 (4.26) (27)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Chlorophyll b 2 652 (1.90) 620 (2.00) 4.91 (5.26) (27)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Chlorophyll a 2 660 (1.88) 656 (1.89) 0.61 (0.53) (27)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
LH2 band 1 801 (1.55) 783 (1.58) 2.25 (1.94) (28)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
LH2 band 2 857 (1.45) 851 (1.46) 0.70 (0.69) (28)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Bacteriochlorophyll c 1 431 (2.88) 426 (2.91) 1.16 (1.04) (29)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Bacteriochlorophyll e 1 461 (2.69) 462 (2.68) 0.22 (0.37) (30)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Bacteriochlorophyll e 2 655 (1.89) 688 (1.80) 5.04 (4.76) (30)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Bacteriochlorophyll c 2 740 (1.68) 728 (1.70) 1.62 (1.19) (29)
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .
Fig. 4. Predicted absorption spectra of a finely tuned noisy antenna under seawater. (A) Solar spec-
trum in air (31) and attenuated by various depths of water (labeled) (32, 33). (B) Optimization landscape
calculation of Dop versus center wavelength l0 and peak separation Dl for the solar spectrum under 1 m
of seawater (w = 15 nm). Red points identify two equally favorable maxima corresponding to a set of peaks on
either side of the spectral maximum. (C to F) Ideal absorption peaks predicted from the solar spectrum
at each depth. (D) shows the peaks extracted from the calculation in (B) color coded blue, green, orange, and











that its maxima quiet a noisy antenna (see
the supplementary materials, section S1.3).
An example color map of the magnitude of
Dop at a depth of 1 m and w = 15 nm reveals
two maxima in the color plot near l0 = 400
and 750 nm (Fig. 4B). These maxima identify
the wavelength characteristics of a finely
tuned antenna under seawater. By extract-
ing the values of Dl and l0 at the maximum
in D, we obtain the characteristic absorption
spectra of the fine tuned antenna as a function
of seawater depth (Fig. 4, C to F).We found that
quieting a noisy antenna under 2mof seawater
accurately reproduces the absorption spec-
trum of green sulfur bacteria. Although highly
adaptable, green sulfur bacteria are known
to thrive at 1 to 2 m below the surface (37), co-
inciding with the conditions for which their
light-harvesting antenna is finely tuned for
solar power conversion.
The degree to which we were able to repro-
duce photosynthetic absorption spectra is a
surprising result, suggesting an underlying
organizing principle for light-harvesting sys-
tems: Fluctuations fundamentally limit the
efficiency of networks and must be avoided.
Phototrophs must balance environmental in-
puts to sustain steady production and storage
of fuel under substantially different environ-
mental conditions. Phototrophs acrossmany
photosynthetic niches may have adapted to
build fluctuation-canceling light-harvesting
antennae onto which other active mechanisms
for reducing fluctuations can be added (e.g.,
nonphotochemical quenching) (6–8). Although
the connection of ourmodel to natural antenna
systems requires detailed quantummodels, our
framework gives new insight into how extinc-
tion coefficients, delocalization lengths, and
radiative rates conspire to reduce noise in nat-
ural antennae. Moreover, our findings will in-
spire comprehensive experiments in which
the light environment is carefully controlled
while the absorption spectrum of adaptable
model organisms is monitored. By developing
noise-canceling antennae as a technological
foundation, natural and artificial energy-
harvesting networks—from bacteria thriving
underwater to extended power grids—could
be adapted to efficiently convert noisy inputs
into robust outputs.
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